Abstract: This paper explores the design collaboration between designers and expert users in the specific case of new surgical instrument design. To this end, two design evaluation meetings were studied. Decision and interaction analysis methods were applied to compare the effectiveness of the design team on discussing and solving design issues with and without active participation of the expert user. The observations showed that, in the absence of the user, the designers were unable to make decisions about technical solutions relating to usability issues, and the expert user's comments during the subsequent meeting significantly altered their decisions. These two observations indicate that the use of a support tool could have a significant role to help asynchronous communication in such a design process.
Introduction
Design of a product for users requires an active integration of the user during the whole design process. Design researchers studied this matter under several topics, for instance collaborative design, human-centred design or usability engineering (Hix and Hartson 1993; Nielsen 1993; Holtzblatt and Beyer 1998; Mayhew 1999; Battarbee and Koskinen 2005) . ISO 13407 (1999) formalised and standardised a theory of user involvement, also known as UserCentred Design (UCD). User requirements, in contrast with design requirements, were given a particular attention (Samuel and Horrigan 1995; MacDonald 2001; Takala 2005) in design research.
In engineering design, the concept of collaboration between design actors was traditionally limited to communication between engineers. This point of view was changed in 90's when participatory experiments had shown a distinction in the designer and the user role.
This reflected a critical shift in attitude: from designing for users to designing with users (Sanders 2002 ). This new concept was given several names, such as "user-design", "post design" and "participatory design" (Carr-Chellman, Cuyar et al. 1998) . Design processes that involve user participation have evolved differently according to profession, particularly in product and software engineering (Sanders 2002; Van der Voort and Tideman 2008) .
In the vast literature of user-designer collaboration, most studies were performed on novices, engineering students or, at best, accessible users of relatively modest talents (Besnard and Bastien-Toniazzo 1999) . In addition, only a few studies consider the influence of user integration in the design process where expert users are involved (for instance in medical applications), in spite of the direct relationship with the user in these cases (Xue, Yen et al. 2008) . As an attempt to fill this gap, the concept of "real users as active partners" has been
proposed by Kayis within the implementation of a collaborative design process in aerospace industry (Kayis et al, 2005) .
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One important aspect of user integration is the design process is the design evaluation, particularly, when the product is going to be used in a complex usage situation. Typical examples of this type of products are pilot cockpits, air traffic control desks, professional sport equipments and surgical instruments. The common aspects that these products share can be characterised as: 1) User needs have an important tacit knowledge and experience to perform the task 2) The usage situation includes risky and critical moments that can lead to considerably hazardous consequences 3) Designer cannot be in the place of the user to simulate the real usage These points clearly indicate that the design evaluation of products developed for "expert" users is significantly important, and deserves to be given a particular intention. In the research behind this paper, we have investigated the methodology of expert-user integration in the design process (Rasoulifar, Thomann et al. 2010 ). The present paper brings attention to the design evaluation phase, focuses on user-designer communication during evaluation meetings, and analyses the impact of this involvement on decision-making. The studied case is the design of an innovative surgical instrument for enabling a new type of spine operation that allows decreasing the incision size. A surgeon 1 from Grenoble Hospital, France, was involved in the design process as the expert user. The design project took two years, during which several design and evaluation meetings were recorded. Two design situations pertaining to this case were selected for analysis: evaluation of the design by the engineering team (achieved through distant communication through a 3D annotation tool followed by a face-to-face meeting) and the subsequent face-to-face evaluation with the surgeon (the expert user). The interaction analysis method was used to analyse the interactive behaviour of the participants during distant communication sessions and face-to-face meetings. made in these two situations were then identified, analysed and compared to each other in order to highlight the effect of user involvement and validate its impact on the product.
The following section outlines the theoretical knowledge base of the paper through a review of literature on design activity analysis. Section three introduces the analysis method and the developed framework. Section four presents the case study. Section five then describes the analysis of the two design situations according to the developed framework, and explains the results. Finally, the last section discusses the limitations and future extensions to this study, and draws the conclusion.
Studying design communication through activity analysis
Meeting of participants with different stakes is crucial precisely because crossing intentions can create new insight and movement of thought and action (Buur and Larsen 2010) . The 'designer-user' relation in design project touches on broad debates within contemporary participatory design and co-design communities and user-centred design research (Binder, Brandt et al. 2008; Heinemann, Landgrebe et al. 2012) . In this context, activity analysis refers to a methodology aimed at understanding the behaviour and operating strategies of participants through processes and interactions with others in a given situation Garrigou (1995) . This includes task analysis as a method to retrieve data, including a detailed description of both manual and mental activities. In this context an activity is considered as a set of tasks performed by a participant.
Design researchers have shown a very special interest in studying, describing and analysing activities in a design situation. "Activity analysis" appears in the title of more than 800 papers in design research journals. Lloyd and Scott (1994) collected protocols and imposed an external structure based on models of design. Akin and Lin (1995) proposed an activity-based model to analyse design protocols. Gero and Mc Neill (1998) This paper reports the observation and analysis of an expert user's participation in the design process of a surgical instrument. The interactions and the decision-making process in two different design evaluation meetings are analysed based on activity analysis approach.
The particular analysis method applied is presented below.
Methodology
Design collaboration between designer and expert user is investigated through a four step methodology based on activity analysis:
(1) Definition of the interaction analysis framework, presented as follows in this section.
(2) Observation and recording of a design situation, (3) Coding of the video corpus using the framework, and (4) Analysis of the decision trends during the collaboration through coding results.
Section 4 presents the case study and how the observation and coding is undertaken. The result of the analysis is depicted in section five.
Interaction analysis
The interaction analysis applied in this paper is a conventional protocol analysis research method. It consists of first defining a classification framework for the relevant interactions,
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and then applying this framework to the transcribed corpus of the design meetings. Following these first two steps, the researcher can then study the trends and dynamics of the coded corpus. For this case study, the three steps applied are a) Framework selection, b) Coding, and c) Time-action analysis. These steps are detailed below.
Framework selection
The coding scheme depicts the list of interaction categories and their definition. The coding scheme developed for this study has two parts.
First, a list of interaction categories specific to design evaluation meetings was adopted. This is based on literature on cognitive ergonomics such as (Vacherand-Revel 2002) and ( 
Description Cognitive synchronisation
Ensuring that team members share a common representation of a concept, projects goals, constraints, design strategy, solutions, etc.
Argumentation
Describing why a solution should or shouldn't be adopted.
Assessment of solution(s)
Evaluating positively or negatively a proposed solution
Assessment of constraint(s)
Evaluating positively or negatively a constraint
Proposing solution(s)
Proposing, explaining a solution or an alternative solution.
Enhancing a solution
Enunciating supplementary and complementary ideas to develop a solution
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The second part of the coding scheme distinguishes between design interactions related to a technical aspect of the design (manufacturing methods, load calculations, etc.) and those relating to use of the surgical tool (Table 2 ). This distinction is necessary in order to identify the underlying intentions of the interactions and focus of participants in each interaction during evaluation meetings. Table 2 . Design interaction focus
Description Technical interaction
Interacting concerning an aspect related to the engineering knowledge (mechanical, material, etc.)
Usage-related interaction
Interaction concerning the usage of the product during the surgical operation
Coding
The data corpus of communication comes from two sources: verbal discussions that occurred during the two aforementioned meetings (recorded in audio and video), and from an offline discussion software used by designers. The engineers performed the early distant discussion though an annotation tool previously developed by the authors (Hisarciklilar and Boujut 2009b). All interactions are coded using the following structure:
 The role of the participant in the project,  The intent of the author (clarification, evaluation or proposition)  The purpose of the textual content (a project requirement or problem-related constraint, a domain-specific constraint or the current solution)
The objective was to keep a trace of information exchanges in this format for further coding and analyses.
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Time-action analysis
The objective in this step is to determine the existing trends in the problem solving communication between the user and the designers. In other words, it consists of tracking the issues that were raised by design participants' discussions until they are resolved in evaluation meetings, order to highlight the differences in the way different parts of a decision are discussed and evaluated between the two meetings under study. The time-action analysis measures the time spent on a particular activity. The result of this analysis on the case study data is shown and discussed later in section 5.
-Introduction to the case study

A new operating-instrument for Spine surgery
The design of the new instrument under study is for a novel application of a specific type of The specific case studied here is an application of MIS in conventional spine surgery.
The operation procedure consists of placing three pairs of screws and two implants (called rods) on three adjacent vertebras. The procedure normally requires a large incision (12-15 cm)
to provide enough space for implementation (see Figure 1 ).
In the MIS procedure, the surgeon inserts the screws through small incisions using a tubular retractor and inserts the rods into the spine percutaneously. Unlike the open procedure, the surgeon has no direct access to or direct vision of the operating site. Consequently, the new procedure is more complex and requires specific instruments for inserting the screws and rods through the small incisions.
The design evaluation
The design project passed through different phases of discussion, ideation, 3D modelling, detail design, prototyping, and evaluation meetings. Although evaluation can be considered as a natural act after any design activity, each project has predefined moment for rather official evaluation and validation of the design object. In this study, argumentation that designers expressed before the meeting about the 3D model of the design object (surgical instrument) was captured in annotations. During the first evaluation meeting, these argumentations were considered and further discussed. At the end of the meeting, a statement that summarizes the hal-00856142, version 1 -30 Aug 2013
discussions was added to each argumentation tree. Some of these statements proposed corrective actions while others pointed out a need to gather more data before the design decision can be made. These argumentations and statements were then rediscussed during the second meeting in the presence of the surgeon. The detailed analysis and the result of this analysis are shown and discussed later in section 5. The comparison of these two meetings shows that in both meetings the participants spent more than half the time on cognitive synchronization, shown in Figure 3 . This ties in with a previous analysis undertaken using similar coding schemes (e.g. in (Ruiz-Dominguez and Boujut 2008)). In the second meeting, this type of interaction is even more frequent because the presence of the surgeon triggers question-and-answer type discussions concerning the use-related aspects. an agreement before the second meeting. However, compared to the first meeting, the increase in activity concerned with enhancing the solution is notable. Finally, there were more direct evaluation interactions, since the second meeting primarily concerned assessment of existing solutions and requirements.
More interestingly, the results indicate a change in design activity orientation: the surgeon's participation leads to increased discussions about the use of the product rather than its technical aspects. Figure 3 shows the distribution of time spent on use versus technical aspects for each activity category. The left side of the graph shows the first meeting, and the right side the second one. Cognitive synchronization, argumentation and solution evaluation activities have almost the same focus distribution in both meetings. However, the share of use-related focus in solution evaluation is greater in the second meeting. In addition, the focus on use when requirements are being assessed is considerably greater compared with the first meeting. Finally, the time spent on technical issues during the solution assessment activity is quite high, which is in line with the objective of this meeting.
These results show that, although the overall profile of the interactions is similar in both meetings, the presence of the surgeon clearly provides the possibility for enhancing solutions from the point of view of use. The surgeon's presence also encourages the group to propose new solutions pertaining to the procedure.
A detailed analysis of the discussions and decisions within both meetings will be presented in the next section. The objectives are to reveal whether the importance of userelated interactions is linked to the importance of the surgeon's role, and to investigate the effect of the surgeon's participation on the discussions and decisions during the evaluation meeting more closely.
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-Result: Analysis of design evaluation meetings
As expected, the specific nature of this innovative product has shown the significant importance of expert user investment during design. Two evaluation meetings where the third prototype of the surgical instrument was examined were selected for the study. In the first meeting, the engineers evaluated the latest design solution. The second meeting was held with the participation of the surgeon in order to finalize the evaluation. Results of the analysis of these two meetings are presented in what follows.
This section presents the results of the two analyses on design activities and design decision undertaken by design actors.
5-1 Analysis of design activities
Using the activity category defined in the previous section (Table 1) , recordings of the two meetings were coded, and data were extracted in the form of time-interactions. Coding the interactions in these two meetings made it possible to highlight the proportion of interactions concerned with a given activity. It also helped to pinpoint the spread of focus between technical and use-related issues. The result of analysis shown in Figure 4 indicates a change in design activity orientation: the surgeon's participation leads to increased discussions about the use of the product rather than its technical aspects. These results show that, although the overall profile of the interactions is similar in both meetings, the presence of the surgeon provides the possibility for enhancing solutions from the point of view of use. The surgeon's presence also encourages the group to propose new solutions pertaining to the procedure.
5-2 Analysis of the decisions in the two meetings
In this experiment engineers used a software tool for pre-meeting distant discussions through annotating a digital mock-up of the surgical instruments. The first objective was to comment on the different design issues or raise new questions. Thanks to the relevant functionalities of the tool, the engineers were also able to respond to each other's comments. This asynchronous activity took place over the two-week period before the meeting. During the meeting, the engineers reviewed all of the issues raised about each part of the instrument and reached a hal-00856142, version 1 -30 Aug 2013 series of final statements. These statements were added to the associated argumentation trees as final branches. Then, according to the decision made with regard to each statement, engineers progressively switched the status of the argumentation trees to rejected (the content of the annotation was not to be considered) or closed (the content was to be considered when elaborating the next version).
These statements fall into three categories: (1) finalised decisions where a corrective action or a design specification had been agreed on, (2) preliminary decisions for which an additional observation was needed (e.g. sterilisation procedure) in order to reach a finalised decision, and (3) non-decision statements due to a lack of expert knowledge. The statements are presented in Table 4 . Out of the 12 collective statements in this meeting, 6 were finalised (50%), and the rest needed to be verified through use (25%) and by the surgeon (25%). When the scope of these issues is considered, it can be seen that although a higher number of issues discussed during this meeting were not related to use (but were instead more related to mechanical or manufacturing requirements), 40% of the statements were directly related to the use of the product.
When addressing a use-related issue, the participants followed three successive strategies. They first tried to consider previous user feedback based on a similar case. A decision was made when the participants were convinced of the compatibility between prior feedback and the issue at stake. When this strategy failed to bring participants to a decision, they tried to elaborate a use hypothesis by putting themselves in the user's place. A decision was made based on the hypothesis when this proved to work for the participants. When this strategy also failed, the participants decided to not to take any action before obtaining feedback from the user. The distribution of discussions is illustrated in Figure 5 . The data showed that although the objective of the meeting was to validate technical issues relating to the solution, the designers also had to consider a large number of usabilityhal-00856142, version 1 -30 Aug 2013 related issues. In other words, usability problems were inevitably involved, even for the technical validation of the design solution.
Furthermore, in the absence of the surgeon, the engineers had serious problems with dealing with these issues. In two thirds of the cases, they had no satisfying amount of user feedback upon which to base their decision. For half of these cases, they were unable to develop satisfying use hypotheses and had to postpone the decision until they received the user's feedback.
The next step of the analysis concerns the decisions made during the second meeting to which the user attended. In this meeting, some of the finalised issues in the first meeting were rejected by the user. These even included technically critical issues, such as decision number 6 in Figure 6 (see the three categories of statements in the left-hand column). In the right-hand columns, the status of each statement according to the discussions during the second meeting is given.
hal-00856142, version 1 -30 Aug 2013 Figure 6 . The status of the decisions made in the first meeting during the user evaluation meeting
Although the decisions belonging to the first category concern technical issues that were deemed to be finalised during the first meeting, two out of the four issues were not accepted by the user and needed rework. In half of the cases, clinical testing was required to clarify the decision making. These results show that some finalised decisions, even those related to technical issues, were questioned again by the user during the second meeting. As he assessed the solution, the user's specific expert point of view led to new insights for the designers. This demonstrates that such insight is missing during the first meeting. Therefore, the presence of the user is potentially beneficial for every type of design issue including technical questions.
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In short, the results presented in this section show that in the design of products such as surgical instruments, where the users are experts, the users' know-how plays an important role during the validation of both technical and use-related issues pertaining to the design solution.
Conclusion
Studying the design evaluation is an interesting and important research field. In the very specific domain of new product development for an expert user, the identification of the requirements cannot be performed in the initial stages of the design process. Instead they have to be gained progressively through the evolving steps of the design evaluation.
Through a case study, this paper demonstrated the analysis of design evaluation meeting. From an activity analysis viewpoint, this study proposed an improved framework of interactions, and validated the coding scheme through application. This analysis method was employed to analyse design interactions and decisions in a real design evaluation situation, that of a new surgical instrument. The case study provided an opportunity to observe and capture the designers' and the expert user's discussions, individually and in meetings, and use the coding technique to extract the data required. The analytical method is extendable and applicable to general evaluation meetings, in which communication and argumentation take place in the form of verbal discussions.
The premier result of this analysis for the design team was that the common understanding of the device's use (mentioned as cognitive synchronisation) was not granted, and in the absence of the expert user, the designers had significant difficulties to make concrete decisions. They were unable to acquire the knowledge needed to predict the way the product would be used.
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